The unrestricted population of CD4
＋

Foxp3
＋ regulatory T (Treg) cells, which have been known to control the expression of autoimmune diseases and protective immunity to inflammatory reactions, has led to greater appreciation of functional plasticity. Detecting and/or isolating Ag-specific CD4
＋
Foxp3
＋ Tregs at the single cell level are required to study their function and plasticity. In this study, we established and compared both MHC class II tetramer and intracellular CD154 staining, in order to detect CD4
＋
Foxp3
＋ Treg specific for foreign Ag in acute and chronic infections with lymphocytic choriomeningitis virus (LCMV). Our results revealed that MHC class II tetramer staining showed a lower detection rate of LCMV GP66-77-specific CD4 ＋ T cells because most of MHC class II tetramers were unbound and unstable when combined staining was performed with intracellular cytokines. In contrast, intracellular CD154 staining was revealed to be easier and simple for detecting LCMV GP66-77-specific CD4 ＋ T cells, compared to MHC class II tetramer staining. Subsequently, we employed intracellular CD154 staining to detect LCMV GP66-77-specific CD4 staining to detect and characterize foreign Ag-specific CD4
INTRODUCTION
Regulatory T cells (Tregs) are important to control the expression of autoimmune diseases and protective immunity to inflammatory reactions in many tumors and infectious diseases (1). Therefore, initially described as critical for the control of autoimmunity, Treg were found upon adoptive transfer to prevent experimental autoimmune diseases (2, 3) . More recently, evidences has been accumulated that Treg cells suppress allogeneic immune responses and prevent transplant rejection (4). However, despite decades of research into the phenotypes and functions of different subsets of Tregs, only recently have they been sufficiently well characterized to begin considering how they might be targeted therapeutically. Thus, it has been reported that manipulating the numbers and/or function of Tregs in mice can decrease pathology in a wide range of context, such as autoimmunity, transplantation, and cancer (5) (6) (7) (8) , γ δ T cells, and natural killer T (NKT) cells. Although these different types of Tregs work together in a network to maintain immune homeostasis, the majority of the current studies focus on defining the normal function of CD4 ＋ Tregs, because these cells mediate dominant, long-lasting, and transferable tolerance in experimental models (9 (9, 10) .
Numerous studies have proposed and demonstrated that nTreg cells are generated in the thymus through MHC class II-dependent T cell receptor (TCR) interactions resulting in high avidity selection (12, 13) , although additional selection mechanisms may take place. In recent years it has become evident that Foxp3 ＋ Treg cells can also be generated outside the thymus under a variety of conditions (9, 10) . However, little is known about the response of Treg during exposure to foreign Ag. In organ-specific autoimmune disease, the tissue inflammation and immunopathology are driven by autoreactive effector T cells that infiltrate the target tissue. It is believed that Treg can also expand in an Ag-specific manner and traffic to the target tissue (14 
Foxp3
＋ iTreg cells must be developed.
Analysis of Ag-specific T cells by flow cytometry using fluorescent oligomers of major histocompatibility complex (MHC)-peptide complexes, a technique known as 'MHC tetramer staining', was introduced in 1996 by Altman et al. (15) . The procedure, little changed since the original report, allows for the identification of T cells of interest on the basis of the binding specificity of their cell surface receptors for particular MHC-peptide complexes (16) (17) (18) ), which co-express EGFP and the regulatory T cell-specific transcription factor Foxp3 under the control of the endogenous promoter, were obtained from The Jackson Laboratory (Sacramento, CA). Both of mouse stains were bred and maintained in accredited facilities at the Chonbuk National University. All experimental procedures were pre-approved by the Institutional Animal Care and Use Committees (IACUC), Chonbuk National University (Permission code 2013-0040), and adhered to the guidelines set by Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). The animal facility of the Chonbuk National University is fully accredited by the Korea Association for Laboratory Animal Sciences (KALAS).
Viruses and animal infection
Lymphocytic choriomeningitis virus (LCMV) Armstrong (Arms) and Clone 13 (Cl13) strains were kindly provided by Dr. Sang Jun Ha (Yeonse University, Korea). LCMV were propagated in BHK-21 cells for 48 h using DEM supplemented with 2.5% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 U/ml). BHK-21 cultures were infected with LCMV at a multiplicity of infection of 0.01, and then incubated in a humidified CO2 incubator for 1 h at 37 o C. After absorption, the 10 ml of maintenance medium containing 2.5% fetal bovine serum was added. Approximately 48 h after infection, culture media of infected BHK-21 cells were harvested and 
Intracellular CD154 and cytokines staining for detecting viable LCMV-specific CD4
＋ T cells
To detect viable CD4 ＋ T cells specific for epitope peptide derived from LCMV, intracellular CD154 staining were used together with intracellular cytokine staining, as previously described (19) (20) (21) . Briefly, cells (2×10 6 cells/well) were resuspended in RPMI1640 media with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100μg/ml streptomycin (all from Gibco) in 96-well U-bottomed plate. After stimulation with LCMV-derived peptide epitopes (1μg/ml) in the presence of PE-CD154 antibodies for 12 h at 37 o C, the intracellular accumulation of cytokines was facilitated by the addition of monensin (2μM). Monensin was added to the Ag-stimulated cells 6 h before harvest. The cells were then washed twice with PBS, and surface stained for FITC-CD4 antibodies for 20 min at 4 o C, after which they were washed twice with 1 ml of PBS containing monensin. After fixation, the cells were washed twice permeabilization buffer (eBioscience, San IMMUNE NETWORK Vol. 13, No. 6: 264-274, December, 2013 
Foxp3
＋ iTreg specific for three epitopes. Foxp3 GFP knock-in mice that had been previously infected with LCMV Armstrong (Arms) were sacrificed to prepare the splenocytes 7 days pi, and the levels of LCMV GP 66-77 -specific CD4
＋
Foxp3
＋ iTregs (Fig. 1D) Fig. 2A) . Data indicate that LCMV GP126-140 and GP6-20-specific CD4 ＋ T cells were detected at a very low frequency, whereas LCMV GP 66-77 -specific CD4 ＋ T cells were detected with higher frequency, as revealed that LCMV GP66-77 epitope was immune-dominant epitope in MHC class II tetramer staining. Since the loss of CD4 ＋ T cell function was induced during chronic LCMV infection (24-26), we also compared GP66-77-specific CD4 ＋ T cells detected in LCMV Arms infection to those in LCMV Cl13 infection. The higher frequency of LCMV GP66-77-specific CD4 ＋ T cells in LCMV Arm infection at the acute phase (7 days pi) was observed.
To confirm the functionality of LCMV-specific CD4 ＋ T cells detected by intracellular CD154 staining, we examined the profiling of IFN-γ and/or TNF-α expression in LCMV-specific CD4 ＋ T cells by performing intracellular cytokine staining with intracellular CD154 staining (Fig. 2B) . When compared the expression of IFN-γ and TNF-α cytokines in LCMV Arms and Cl13, higher frequency of IFN-γ-producing CD4 ＋ T cells specific for LCMV GP 66-77 epitope was detected in LCMV Arms-infected mice, compared to LCMV Cl13-infected mice. These results imply the exhaustion of LCMV-specific CD4 ＋ T cells in LCMV Cl13-infected mice, and suggest that cellular CD154 staining could be useful to evaluate the functionality of LCMV-specific CD4 ＋ T cells by combined staining with intracellular cytokine staining. We then checked the changes in the frequency of LCMV GP66-77-specific CD4
＋ T cells at acute (7 days pi) and chronic phases (44 days pi) of LCMV-infected mice, depending on stimulation periods. LCMV GP66-77-specific CD4 ＋ T cells in LCMV-infected mice 7 days pi reached a peak after 12 h-stimulation with LCMV GP66-77 epitope peptide, as shown by the frequency and absolute number of LCMV GP66-77-specific CD4 ＋ T cells (Fig. 3A and B) . However, a longer stimulation induced an increased frequency and absolute number of LCMV GP66-77-specific CD4 ＋ T cells detected by intracellular CD154
staining when LCMV GP66-77-specific CD4 ＋ T cells were analyzed 44 days pi ( Fig. 3C and D) . Thus, these results indicate that 12 h-stimulation of splenocytes prepared from LCMV-infected mice with epitope peptide can provide better results to detect LCMV-specific CD4 ＋ T cells with intracellular CD154 staining method.
Differential expansion of foreign Ag-specific CD4 (Fig. 4A) . In contrast, CD4
cells were observed at a higher frequency in LCMV Arms-infected mice at acute phase (8 and 13 days pi) as well as chronic phase (35 days pi) (Fig. 4B) , and the frequency and absolute number of such LCMV GP66-77-specific CD4
＋ iTreg cells were lower in mice infected chronically with LCMV Cl13 than those of mice infected with LCMV Arms. However, the frequency of polyclonal CD4 ＋ Foxp3 ＋ Treg cells was interestingly detected at higher levels in mice infected with LCMV Cl13, compared to those of mice infected with LCMV Arms (Fig. 4C) . It is also likely that the frequency and absolute number of LCMV GP 66-77 -specific CD4 
DISCUSSION
In this study, we established and compared both MHC class II tetramer and intracellular CD154 staining to detect CD4 (19) (20) (21) . Indeed, CD154 staining was previously limited by the highly transient nature of CD154 expression (27, 28) , which is rapidly internalized and/or degraded after surface expression (28) or is sometimes secreted (29) . To overcome this limitation, simple incorporation of fluorescently conjugated antibody to CD154 and monensin in the culture during Ag stimulation showed stable staining of CD154 molecule (21) . Using this intracellular CD154 staining, we could stably detect CD4 ＋ T cells specific for several LCMV epitope peptides. The advantage of intracellular CD154 staining is that the defined sequence of epitope peptide is not absolutely required for detecting Ag-specific CD4 ＋ T cells.
Also, this assay is compatible with intracellular cytokines staining (19) (20) (21) , although it cannot be used with brefeldin A, which completely blocks surface expression of CD154. Using combined staining of intracellular CD154 with intracellular cytokine (IFN-γ and TNF-α), we found that most of LCMV GP66-77-specific CD4 ＋ T cells were dysfunctional in mice which were chronically infected with LCMV Cl13. This result is in accordance with the generation of exhausted CD8 ＋ T cells specific for LCMV in chronic LCMV infection (24) (25) (26) 
